Abstract: Mobile monitoring and computational fluid dynamics (CFD) modeling are complementary methods to examine spatio-temporal variations of air pollutant concentrations at high resolutions in urban areas. We measured nitrogen oxides (NO x ), black carbon (BC), particle-bound polycyclic aromatic hydrocarbons (pPAH), and particle number (PN) concentrations in a central business district using a mobile laboratory. The analysis of correlations between the measured concentrations and traffic volumes demonstrate that high emitting vehicles (HEVs) are deterministically responsible for poor air quality in the street canyon. The determination coefficient (R 2 ) with the HEV traffic volume is the largest for the pPAH concentration (0.79). The measured NO x and pPAH concentrations at a signalized intersection are higher than those on a road between two intersections by 24% and 25%, respectively. The CFD modeling results reveal that the signalized intersection plays a role in increasing on-road concentrations due to accelerating and idling vehicles (i.e., emission process), but also plays a countervailing role in decreasing on-road concentrations due to lateral ventilation of emitted pollutants (i.e., dispersion process). It is suggested that the number of HEVs and street-canyon ventilation, especially near a signalized intersection, need to be controlled to mitigate poor air quality in a central business district of a megacity.
Introduction
Vehicle emission is one of the major sources of air pollution in urban areas. Exposure to air pollutants that are emitted from vehicles can cause human health problems, such as cardiovascular, respiratory, and allergic diseases [1] [2] [3] . Diesel exhaust was recently classified as Group 1 carcinogen by the International Agency for Research on Cancer [4] .
On-road emissions of primary pollutants (e.g., nitrogen oxides (NO x = NO + NO 2 ), carbon monoxide (CO), and particulate matter) have been estimated based on nationwide annual databases and are allocated with specified temporal and spatial profiles. In estimating on-road emissions, an emission factor or emission rate of air pollutant is calculated using various factors. Across a nation, the number of registered vehicles, traffic volume and composition, fuel-use fraction, and vehicle age are well reported. For example, on-road emission studies have stated that heavy-duty diesel vehicles (HDDVs), or heavy emitters, dominantly contribute up to 50% of NO 2 , 41% of NO x , 51% of CO, 77% of black carbon (BC), 70% of polycyclic aromatic hydrocarbons (PAHs), 50% of particle number (PN), and 60% of particulate matter emissions [5] [6] [7] [8] [9] [10] . It is challenging to represent the effects of actual driving situations on on-road emissions because driving mode (i.e., idling, accelerating, cruising, and decelerating) and road configuration (i.e., intersection, upslope, and downslope) spatio-temporally vary at small scale, particularly in urban areas [11, 12] . Among various driving situations, congestion with frequent accelerations at low vehicle speeds [13] [14] [15] , signalized traffic intersection [16, 17] , and upslope [7, 18] are found to aggravate on-road air quality.
Intra-urban variability of on-road air quality is largely associated with not only vehicle emission distribution [19, 20] , but also urban built environment [21] [22] [23] . A street canyon is a space that is enclosed by road and roadside buildings on both sides and is often characterized by heavy traffic, poor ventilation, and a large floating population. The street canyon has attracted many researchers for pollutant emission and dispersion studies because of the direct impacts on human health and the excellence as an experimental space similar to a road tunnel. To investigate the distribution of near-or on-road air quality, mobile measurements have been utilized to overcome certain limitations to the representation of spatial variability when using stationary measurements [24] [25] [26] [27] [28] [29] . A few studies using mobile measurements have focused on the street-canyon environment in the central business districts of New York City [30] , Hong Kong [31] , Seoul [32] , and Thessaloniki [33] , where situations are highly complex. The first aim of this study is to investigate on-road air quality in a street canyon in a central business district using a mobile laboratory (ML) and the relationship between the on-road air quality and individual traffic compositions that are heavily responsible for pollutant emissions.
Air quality in the street canyon is significantly influenced by dispersion characteristics due to in-canyon ventilation along with ambient wind as well as vehicle emission [34, 35] . To take the dispersion characteristics into account suitably, numerical models have been utilized to examine on-road emission and dispersion in the urban built environment [36] [37] [38] [39] [40] . Computational fluid dynamics (CFD) models can explicitly resolve roads and buildings at high resolutions [41] [42] [43] . Mobile monitoring and CFD modeling are complementary methods to examine the temporal and spatial patterns of air quality in street canyons. CFD modeling requires a real-world pollutant emission rate on roads as a boundary condition for any pollutant concentration, while mobile monitoring results need to be interpreted by considering pollutant dispersion with the presence of building and ambient wind effects. The second aim of this study is to investigate the horizontal distribution of on-road air quality in a street canyon in a central business district by applying CFD modeling results for analyzing mobile monitoring results.
Methods

Site Description
The study area of interest is a street canyon of eight-lane Teheran road with a southwest-northeast (i.e., 249 • and 69 • from the due north) orientation in a central business district of Seoul, which is a megacity in Republic of Korea (Figure 1a) . The areas surrounding Teheran road are highly-developed commercial and residential areas, and a vegetated area is located in the north. Many high-rise buildings are densely located on both sides in the 1.8 km-long street canyon crossing with four-lane and six-lane roads at signalized intersections A and B, respectively (Figure 1b,c) . The elevation of road gradually decreases from the southwest to the northeast by a few meters. The traffic volumes of private cars, taxis, RV/SUVs, trucks, vans, buses, and motorcycles were manually counted at T c . At first, traffic flows on the road were continuously recorded using a video camera in a roadside building for a week. Then, the number of vehicles in each traffic composition was counted for 15 min consecutively. Note that diesel and gasoline vehicles were not distinguished during this process. The diurnal variations of hourly traffic volumes on 5-8 November 2013 are shown in Figure 2 . The traffic pattern on Teheran road is different from the typical bimodal pattern with maxima during the morning and evening rush-hours in urban areas. The daily traffic volume is over 90,000 vehicles on weekdays, and the maximum hourly traffic volume appears in the middle of working hours (i.e., 11:00-12:00 LT). The hourly traffic volume larger than 4000 vehicles consistently appears from 08:00 to 23:00 LT. Among the seven traffic compositions, private car (50%) accounts for the largest portion of traffic volume followed by taxi (28%), RV/SUV (9%), and truck (4%). Here, RV/SUVs, trucks, vans, and buses are grouped into high emitting vehicles (HEVs) based on their conventional vehicle emissions. The daily HEV traffic volume is 19% of the daily total traffic volume. The HEV portion of hourly traffic volume reaches a maximum during the morning rush hour (07:00-08:00 LT) (29%) and remains larger than 20% (06:00-17:00 LT) till the working hours. 
Mobile Monitoring
The mobile monitoring was repeatedly conducted in the 1.8 km-long street canyon of Teheran road on 5-8 November 2013 (Table 1) . During the three monitoring periods, the predominant wind directions were the along-canyon direction (period 1), opposite along-canyon direction (period 2), and direction oblique to along-canyon direction (period 3). An ML has been developed and operated for the last few years to monitor on-road concentrations of gaseous and particulate air pollutants in urban areas [16, 32] . The sampling inlet in front of the ML at a 2-m height consists of a Teflon tube and a stainless steel pipe for gaseous and particulate pollutants, respectively. Table 2 provides the brief information on the instruments equipped in the ML. NO x , BC, particle-bound PAH (pPAH), and PN (>5 nm) concentrations were measured using a chemiluminescence NO x analyzer (AC32M, Environmental S.A., Poissy, France), an aethalometer (AE42, Magee Scientific, Berkeley, CA, USA) with an impactor of 2.5 µm cut-off diameter, a photoelectric aerosol sensor (PAS2000, EcoChem Analytics, League City, TX, USA), and a condensation particle counter (CPC model 5.403, GRIMM, Ainring, Germany), respectively. In the pre-processing step, the NO x analyzer was calibrated using pure air and standard NO gas, and the instruments for particulate pollutants were initialized and/or zero checked. The time in the data acquisition system was synchronized with the global positioning system (GPS) data that was recorded every 1 s by a GPS data logger (GPS742, Ascen, Seoul, Republic of Korea). In the post-processing step, delay times of instruments in the ML were adjusted. The on-road measurements of NO x , BC, pPAH, and PN concentrations during the three periods are divided into every two-way trip starting from the eastern end of the street canyon. Thirteen trips for each period are valid after excluding incomplete and interrupted measurements. In every trip, the median concentration is calculated in every 100-m section in the street canyon for each driving direction. A 100-m spacing is acceptable for studying the spatial variation of air pollutant near a major road [44] . For calculating the median concentration in a 100-m section, the measured concentrations with a vehicle speed higher than 20 km h −1 are used to avoid the effects of exhaust plumes of a vehicle directly ahead [45] .
CFD Modeling
The CFD model used in this study is a Reynolds-averaged Navier-Stokes equations (RANS) model with the renormalization group (RNG) k-ε turbulence closure scheme [46] . The RANS model has been validated and used for simulating urban flow and pollutant dispersion, particularly in street canyons [43, 47, 48] . Numerical simulations are performed for the three dispersion scenarios corresponding to mobile monitoring periods 1, 2, and 3. The isothermal condition is considered because of sufficiently low air temperature (7-17 • C) and reduced or absent daylight during the mobile monitoring periods. The size of the domain covering the 1.8-km long street canyon oriented in the x-direction and surrounding commercial and residential areas is 4000 m in the x-direction, 1800 m in the y-direction, and 997 m in the z-direction. The grid size is 10 m in the x-and y-direction and 4 m in the z-direction up to z = 200 m, with an increasing ratio (1.05) of vertical grid size above the height. The surface geometries in the domain were obtained from the airborne light detection and ranging (LIDAR) measurement (Figure 1c) . The logarithmic vertical wind profile is applied at the inflow boundaries. Inflow wind speed at the top boundary (z = 997 m) and direction are 1.4 m s −1 and 69 • from the due north for the period-1 scenario, 1.7 m s −1 and 249 • from the due north for the period-2 scenario, and 2.0 m s −1 and 292 • from the due north for the period-3 scenario. A zero-gradient boundary condition is applied at the outflow boundaries. At all of the boundaries, the vertical velocity is specified to be zero. The inflow pollutant concentration is set to zero, and the inert pollutant emission is identically considered at a same emission rate for all the lowest grids on major roads (the number of lanes ≥ 2) in the domain. As the vertical size of lowest grids on roads is 4 m, it is accordingly assumed that the emitted pollutants at the tailpipe are instantaneously mixed by the vehicle-induced turbulence within the extents of grids. On Teheran road, four rows of grids corresponding to the 40-m width in the y-direction are considered to be the pollutant emission points. It is noteworthy that the emission setting is deviated from the real-world emission distribution in order to solely examine the dispersion of emitted pollutants on roads in different dispersion scenarios. The model integration time is 120 min, with a time step of 1 s. Pollutant emission is activated after 10-min integration.
Results and Discussion
Association with Traffic Composition
The measured NO x , BC, pPAH, and PN concentration for a trip is obtained by averaging their median concentrations of all 100-m sections. Similar to the concentrations, the traffic volumes collected for 15 min consecutively during the mobile monitoring periods are assigned to the corresponding trips. Then, the traffic volumes of each composition are averaged for each trip. The associations of the measured concentrations with the traffic volumes of individual compositions are analyzed by calculating the determination coefficients (R 2 ) based on the linear regressions for 39 trips in the street canyon (Table 3) . Although private car has the largest portion of traffic volumes, the correlations with the NO x , BC, pPAH, and PN concentrations are intermediate (0.36, 0.26, 0.41, and 0.42, respectively). Taxi has the second largest portion of traffic volumes and is more weakly correlated with the concentrations than private car. This is because the majority of private car and taxi are gasoline-and liquefied petroleum gas (LPG)-powered vehicles, respectively. In contrast to private car and taxi, RV/SUV for which the portion of traffic volumes is only 9% is strongly correlated with the NO x , BC, pPAH, and PN concentrations (R 2 = 0.52, 0.44, 0.62, and 0.44, respectively). The emission amount of a RV/SUV is undoubtedly smaller than that of a truck, van, or bus. However, the 2-4 times larger traffic volume of RV/SUV than those of truck, van, and bus results in stronger or similar correlations with the concentrations. The first and second largest determination coefficients among the seven traffic compositions for any measured pollutant correspond to one of the HEV compositions (i.e., RV/SUV, truck, van, or bus). It is thought that the on-road emission capacities of individual compositions grouped into HEVs are comparable to each other and obviously larger than those of private car, taxi, and motorcycle in the street canyon. The scatter diagrams ( Figure 3 ) exhibit that the measured NO x , BC, pPAH, and PN concentrations are well correlated with the traffic volumes. Among the measured pollutants, the highest correlations with the traffic volumes are shown for the pPAH concentration (R 2 = 0.41 and 0.79 for the total and HEV traffic volumes, respectively), whereas the lowest ones are shown for the BC concentration (R 2 = 0.23 and 0.61 for the total and HEV traffic volumes, respectively). The highest correlations for the pPAH concentration are attributed to the dominant contribution of local mobile sources to the concentration in a roadside environment [49] . Regardless of pollutants, the correlations with the HEV traffic volume are significantly higher than those with the total traffic volume. This implies that only 19% of the total traffic volume is capable of describing the on-road pollutant concentrations in the street canyon. The relative importance of HEVs to the on-road pollutant concentrations is assessed with the linear regression lines in the scatter diagrams. When the pollutant concentration is ideally correlated with the traffic volume, the slope and y-intercept of a regression line indicate an increase in concentration per an increase in traffic volume and a base concentration with no vehicle emission on a road, respectively. The slopes of the regression lines for the HEV traffic volume are distinctly 4-5 times larger than those for the total traffic volume. The increase in concentration responding to the increase in HEV traffic volume is 266 ppb for NO x , 5.6 µg m −3 for BC, 207 ng m −3 for pPAH, and 3.28 × 10 4 cm −3 for PN per 1000 HEVs. Although the increase in concentration is not entirely attributed to the HEV emission, the concentration gradient with respect to the HEV traffic volume can be a useful indicator to the on-road NO x , BC, pPAH, and PN concentrations in the street canyon. 
Association with Street-Canyon Ventilation
The measured NO x , BC, pPAH, and PN concentrations are unevenly distributed in the 1.8-km street canyon. The unevenly distributed concentrations in the street canyon are attributed to the combination of uneven driving modes due to traffic signals and congestion and irregular street-canyon ventilation. In the following analysis, the distributions of measured concentrations in the street canyon are presented first and later converted by taking account of the influence of pollutant dispersion through CFD model simulations for the three dispersion scenarios. Figure 4 shows the horizontal distributions of measured NO x , BC, pPAH, and PN concentrations and ML speed in the street canyon. The median NO x , BC, pPAH, and PN concentrations and ML speed in 100-m sections for 13 trips are averaged over each mobile monitoring period. Among the three periods, all of the measured concentrations in 100-m sections are the lowest for period 3 (i.e., nighttime) when the traffic volume is the smallest. The average NO x , BC, and pPAH concentrations that were measured during the westward driving are generally higher than those that were measured during the eastward driving. This is because of slight upsloping and also congested traffic flow in the westward driving direction. The average PN concentrations tend to be invariable, regardless of driving direction. The NO x and pPAH concentrations at the two signalized intersections are higher than those between the intersections by up to 24% and 25%, respectively ( Table 4 ). The higher NO x and pPAH concentrations are more significant at signalized intersection B than at signalized intersection A. This is because vehicle emissions are larger at signalized intersection B due to accelerating and idling vehicles, not only on Teheran road, but also on the six-lane road that perpendicularly cross with the street canyon. The differences between concentrations at the intersections and those between the intersections for BC and PN are smaller (<±10%) than those for NO x and pPAH ( Table 4 ). The y-intercepts of linear regression lines for HEV traffic volumes in Figure 3 may explain the base NO x , BC, pPAH, and PN concentrations (57.5 ppb, 3.4 µg m −3 , 30 ng m −3 , and 22,773 cm −3 , respectively). The NO x and pPAH concentrations at the intersections are 4-6 times higher than the base concentrations, while BC and PN concentrations at the intersections are only about two times higher than the base concentrations. The BC and PN concentrations are less localized than the NO x and pPAH concentrations at the signalized intersections partly because the time resolution for the BC measurement is relatively large, and also because some influencing sources outside other than HEVs are considerably involved in determining on-road BC and PN concentrations. Scalar dispersion for the three different scenarios corresponding to mobile monitoring periods 1, 2, and 3 is numerically examined through the CFD model simulations with an identical distribution of on-road pollutant emission. Scalar dispersion has been commonly interpreted as dispersion of chemically inactive gases or ultrafine particles at small scale such as road environment [50] . Figure 5 shows the horizontal distributions of normalized on-road wind speed and pollutant concentration (hereafter, model coefficient) and of building height on the driving side in the street canyon for the three dispersion scenarios. The on-road wind speeds are normalized by the ambient (inflow) wind speed for each simulation. On the other hand, the on-road concentrations are normalized by the average on-road concentration over the three simulations. By doing this, the influence of ambient wind direction is included in both horizontal distributions of normalized on-road wind speeds and concentrations, whereas the influence of ambient wind speed is solely included in the horizontal distribution of normalized on-road concentrations. Therefore, the average of all the model coefficients for the three simulations is unity. The normalized on-road wind speed is generally higher for the period-1 and period-2 dispersion scenarios than for the period-3 dispersion scenario, since the ambient wind directions are fairly parallel to the canyon orientation for the period-1 and period-2 dispersion scenarios. The higher on-road wind speed for the parallel ambient wind directions is attributed to channeling flows that formed in the street canyon [51, 52] . However, the normalized on-road pollutant concentration is higher for the period-1 and period-2 dispersion scenarios than for the period-3 dispersion scenario. This is because the emitted pollutants hardly escape from the street canyon for the parallel ambient wind directions. The ambient wind speed is slightly lower during periods 1 and 2 than during period 3, which also contributes to the inverse-proportional increase in on-road pollutant concentration. As a result, the ambient wind direction as well as the ambient wind speed is one of the determining factors in estimating the on-road pollutant concentrations in the street canyon. The normalized on-road wind speed is obviously high at the intersections where roadside buildings rarely obstruct lateral ventilation. The normalized on-road pollutant concentrations are consequently low at the intersections, particularly at intersection B wider than intersection A. It is interesting that emission and dispersion processes play counterbalancing roles in determining any pollutant concentration at a signalized intersection in the street canyon. At a signalized intersection, pollutants are intensively emitted from idling and accelerating vehicles and are ventilated out of the street canyon. Figure 6 exhibits the horizontal distributions of converted NO x and pPAH concentrations in the street canyon. The converted concentration is the measured concentration (shown in Figure 4 ) multiplied by a reciprocal of the model coefficient (shown in Figure 5b ). In the process, the influence of pollutant dispersion is excluded from the measured concentration. In the calculation of converted concentrations, the BC and PN concentrations are not taken into account because their base concentrations seem to be comparable to their on-road concentrations. The horizontal variations of converted NO x and pPAH concentrations become more pronounced since the converted NO x and pPAH concentrations are elevated at intersections A and B. The converted NO x and pPAH concentrations are higher than those between the intersections by 7% and 26% at signalized intersection A, respectively, and by 57% and 43% at signalized intersection B, respectively ( Table 4 ). The higher converted concentrations than the measured concentrations are more evident at signalized intersection B than at signalized intersection A. This reveals that signalized intersection B is a distinct hotspot where the dispersion process acts to alleviate severe air pollution due to the emission process. In conclusion, the emission process aggravates on-road air quality in the street canyon, and is efficiently compensated by the dispersion process at signalized intersection B. Later, the horizontal distributions of converted NO x and pPAH concentrations can be utilized as the real-world on-road emission for realistic CFD modeling. 
Pollutant
Conclusions
Spatio-temporal variations of air pollutant concentrations in a street canyon in a central business district of Seoul, Republic of Korea were investigated on multiple days based on complementary approaches using an ML and a CFD model. The ML monitored primary pollutants that were emitted from on-road vehicles, and traffic volume and composition were recorded at the same time. The CFD model simulates pollutant dispersion in the presence of proper inflow boundary conditions and real building morphology. In the emission and dispersion processes of on-road air pollutants, the HEV portion and the street-canyon ventilation are the determining factors of the spatio-temporal variations in their on-road concentrations. Among the seven traffic compositions, RV/SUV appears to be the most responsible for poor air quality in the street canyon. A signalized intersection that is commonly characterized as a traffic hotspot exhibits countervailing roles between the emission and dispersion processes. In the street canyon, air quality at a signalized intersection is aggravated by up to 25% over that between signalized intersections due to the emission increase that is partially compensated by efficient lateral ventilation. Consequently, controlling the number of HEVs and the in-canyon ventilation near signalized intersections can effectively manage on-road air quality in street canyons.
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